Aims: Autonomic nervous system (ANS) dysregulation is associated with various symptoms of depressive disorder. The beat-to-beat pattern of heart rate (Heart Rate Variability) (HRV) provides a noninvasive portal to ANS function through the quantification of periodic heart rate patterns. In this study we quantified two components of HRV: Respiratory Sinus Arrhythmia (RSA), and Low Frequency HRV (LF-HRV). Both of these components have been extensively reported in studies of depression and have been at least partially associated with reduction in vagal nerve tone. We quantified RSA and LF-HRV in patients with Major Depressive Disorder (MDD) as measures of ANS regulation seeking to establish the utility of components of HRV as potential diagnostic and prognostic biomarkers for treatment outcome.
INTRODUCTION
Major Depressive Disorder (MDD) is a highly prevalent disorder worldwide. At any time, at least 8-10 % of the population of the United States is afflicted with this disorder [1] . By 2030, depression will be the number one contributor to the global disease burden [2] . A major pathophysiological mechanism believed to underlie MDD is dysregulation of Autonomic Nervous System (ANS) function [3] . Associated reduction in parasympathetic tone due to illness severity, recurrence and chronicity may lead to disinhibition of the body's inflammatory response as the immune system becomes overactive [4] . Vagal nerve efferent fibers regulate inflammation via the Cholinergic Anti-inflammatory Pathway (CAIP) [5, 6] . We sought to determine whether ANS activity is dysregulated in depression by studying Heart Rate Variability (HRV) as a peripherally derived noninvasive measure of ANS activity. Additionally, we explored the relationship between antidepressant treatment response and HRV and whether ANS status, as assessed by HRV, can predict treatment outcome. Although HRV and its relationship to diagnosis of MDD has been studied in greater depth more recently [7] [8] [9] , HRV in relation to treatment outcome in MDD is largely unknown.
HRV is defined as the variation between heartbeats over a period of time; it involves input from the sympathetic and parasympathetic divisions of the ANS. Short duration recordings on an electrocardiogram (ECG) produce two primary patterns of oscillation [10] . One oscillation occurs within period between about 2 and 8s (approximately one breath cycle in the general population), which corresponds to 0.120.40 Hz (High frequency or HF-HRV). This frequency was selected to be consistent with range of breathing frequencies in adults [11] . The commonly used lower threshold of 0.15 Hz, will miss sources of HRV associated with slow breaths. The frequency of this oscillation coincides with a physiological phenomenon known as Respiratory Sinus Arrhythmia (RSA), which is characterized by an oscillation in the beat-to-beat heart rate pattern that occurs at the frequency of spontaneous breathing. RSA has been used as a validated estimate of cardiac vagal tone [11, 12] . The second oscillation (i.e., LF-HRV) occurs at a slower frequency with a periodicity between about 10 and 25s, which corresponds to 0.04-0.10 Hz. Initially, it was assumed and reported that the sympathetic nervous system contributed to LF-HRV. However, recent studies have postulated that LF is a poor measure of sympathetic activity and, similar to RSA, is primarily mediated via the vagus nerve [13] [14] [15] [16] . This latter point has been confirmed by experiments using administration of atropine, a vagal blocker, which blocked both oscillations [17] . Although we measured both components of HRV, given that substantial literature has validated RSA as an index of cardiac vagal tone [18] and in view of the ambiguity in interpreting LF-HRV [19, 20] , we have chosen to emphasize RSA as our primary index of ANS function.
HRV has been investigated in psychiatric populations, and decreased HRV has been associated with anxiety disorder, bipolar mania, schizophrenia, and MDD [21] [22] [23] . Finally, other investigators have associated reduced HRV with several symptoms of MDD, such as sadness and suicidality [24, 25] .
The primary goal of this study was to determine whether HRV components would be reduced in MDD subjects and whether the assessed components could be associated with the diagnosis and treatment of MDD. An ancillary goal was to seek possible associations between autonomic dysfunction, as assessed with HRV, and the immunological pathophysiology of MDD described in the literature.
METHODS

Study population
The study was approved by the Institutional Review Board (IRB) of Loyola University Medical Center and was conducted according to the principles of the Declaration of Helsinki. Males and females 20-65 years of age who met DSM-IV criteria for MDD, first episode or recurrent type, who were otherwise physically healthy and mentally capable to give informed consent, were considered as candidates. Their index episode had to be of at JPBS 2017, 2(6); 1 | Email: jpbs@qingres.com 3 least 1-month duration and they could not have had psychopharmacological treatment over the preceding four weeks. A minimum score of 18 on the 17-item Hamilton Depression Scale (HAMD-17) was required for study eligibility. This score is used conventionally to indicate moderate severity of depressive symptomatology [26] . Other Axis I and II diagnoses, active suicidality, hypertension, dyslipidemia, diabetes mellitus, history of smoking or substance abuse in the preceding 6 months, and history of heart disease were exclusion criteria. Subjects had to be free of any source of active or chronic inflammation. Female subjects could not be pregnant, lactating, or taking oral contraceptives. Screening blood samples were obtained to determine complete blood count, complete metabolic panel, lipid profile, thyroid function and urinalysis (including pregnancy test). The presence of any clinically significant abnormalities excluded the prospective participant. Sixty-six MDD patients who met the inclusion/exclusion criteria and successfully completed the baseline evaluations were enrolled in one of the two consecutive treatment studies. Their demographic data is shown in Table 1 . 
Healthy control subjects
Eligible healthy control (HC) subjects were recruited by advertising and posting of IRB approved flyers. To determine eligibility, identical procedures were used as for the MDD group including a psychiatric diagnostic structured interview and routine laboratory tests. Main exclusion criteria were any medical, inflammatory or mental illness and substance use (the latter also amongst first degree relatives). Pregnant or lactating females were excluded. Their HAMD-17 and Beck Depression Inventory (BDI) scores had to be less than 5. Thirty-six subjects were enrolled resulting in a ratio MDD/HC of about 2:1. Their demographic data is shown in Table 1 .
Study design
Two screening visits (Screen-1 and -2) preceded all baseline measurements to determine study eligibility, obtain informed consent and allow for acclimation of the subject to the setting and the study team. The baseline visit followed, unless the mandatory four-week antidepressant washout period had to occur first. Patients were contacted by research team members to ensure their safety should they develop suicidal ideation. No such incident occurred throughout the duration of the study. Maintenance anti-anxiety and / or hypnotic medication was allowed to continue at the discretion of the clinician and only if the subject had been taking it for at least one month. No discontinuation was permitted throughout the study. Less that ten percent of the study population was maintained on such medication.
After the baseline assessments were completed, patients were started on either Escitalopram (Study-1) or Quetiapine fumarate ER (Study-2). Study-1 was undertaken in order to investigate the effect of Escitalopram monotherapy on select inflammation biomarkers [27] . Study-2 was undertaken in order to test the hypothesis that Quetiapine monotherapy would exert comparable antidepressant effectiveness as a conventional SSRI antidepressant (in preparation). Additionally, the effect of this atypical antipsychotic agent on select inflammation biomarkers was also tested. Patients were required to complete at least 8 weeks of active study participation and end-of-study assessments to be regarded as completers. Patients who chose to withdraw from the study on or after 8 weeks of treatment, and completed the battery of final assessment tests, had their results carried forward for data analysis.
Collection of HRV data
HRV was assessed at weeks 0, 8, and 12 using the SphygmoCor® CPVH system. The subject reclined on the examination table, a three-lead ECG with a sampling rate of 1024 Hz was attached to the chest in the LEAD II configuration, and a rest period 10-15 minutes followed before the ECG recording was started. The entire recording was obtained in the supine position. ECG data were collected over a 15-minute period to ensure consistency in data collection. Short-term HRV measurements (30 minutes or less) are stable over a significant period of time as compared to 24-hour measurements via a Holter monitor [28, 29] .
Inter-Beat-Interval editing and analysis
Data collected for HRV quantification are subject to artifacts that are related to the function of the ECG. Components of HRV are calculated from a time series generated by timing the interval between sequential heartbeats (i.e., msec between sequential R-waves in the ECG) during a period of 10-15 minutes. This time series consists of several hundred values that correspond to individual interbeat-intervals (IBIs). Physiological mechanisms, both related and unrelated to RSA, can contribute to this time series by distorting the accuracy of the R-wave detection. Influences from a spurious decrease in R wave amplitude, a random abnormally large T wave, single PACs/PVCs, or ECG signal quality disrupted by patient activity must be removed from the time series before the components of HRV can be reliably quantified.
To deal with potential anomalies through artifact or ventricular arrhythmia (both components of HRV are manifestations of atrial rhythms that represent the time course of the vagal influences on the sinoatrial node), a software package was used to correct for any artifacts [30] . Editing involved integer arithmetic to adjust the time series by adding IBIs when false invalid intervals occurred and dividing IBIs when R-wave detections were missed. These decisions were guided by inspection of the ECG. In order to preserve an accurate representation of the neural regulation of the heart, data were only accepted if less than 5 % of the data needed to be corrected.
After visual scanning and editing, the data were analyzed [31] with CardioBatch. CardioBatch is the companion program to CardioEdit, which was used to quantify RSA and LF-HRV. The program incorporates algorithms that have been developed to extract oscillatory components in the nonstationary beat-to-beat heart rate pattern [32] . Fifteen minutes of ECG data were collected for each individual. Values for heart rate, RSA, and LF-HRV were calculated in sequential 30-second epochs and then averaged across the 15-minute period. RSA and LF-HRV values for each epoch were transformed to their natural logarithmic values to conform to the distributional requirements for parametric analyses [33, 18] .
Measurement of inflammation biomarkers
Blood was drawn between 9 and 10 am at baseline, and week 12 for MDD subjects. Whole blood was spun to separate plasma or serum and both were stored at -80 degrees centigrade until analyzed. Plasma samples were analyzed using a biochip immunoassay system from Randox Laboratories Ltd (Crumlin, UK). The Biochip Array technology was used to simultaneously detect the quantity of multiple analytes (cytokines, chemokines, and growth factors) from a single plasma sample. The Randox Biochip contains a selection of discrete test regions for antibodies specific to certain cytokines and growth factors. A sandwich chemiluminescent immunoassay was used for the cytokine array. Each test region generates a light signal that is detected by digital imaging technology (charged couple detector). The concentration of each analyte present is calculated from a calibration curve. Each calibration began at 0 pg/ml. According to the manufacturer, the inter-assay and intra-assay variation is less than 10 %. We validated this Biochip technology for blood samples in several previous studies. 
Statistical analyses
Consistent with the literature that documents RSA and LF-HRV decreases with advancing age [34, 35] , both the MDD and HC groups exhibited a significant negative relationship between age and both components of HRV. Additionally, the MDD group had a significantly higher BMI than the HC group and less representation of Caucasian participants than the control group. Given the potential for these variables to affect our dependent variables, analyses of covariance (ANCOVA) were used to control for potential effects of age, sex, BMI and ethnicity for all analyses of RSA and LF-HRV (Table 1) . Repeated measures ANCOVA were used to evaluate potential changes in RSA and LF-HRV from baseline to week 12.
Treatment response in study completers was classified as a) no response to treatment (less than 50 % reduction in HAM-D score from baseline); b) partial response to treatment (greater than 50 % reduction but end-of-study HAM-D score greater than 7); c) remission (end-of-study HAM-D score of less than 7). It is generally accepted that MDD patients who have a partial response to antidepressant treatment are at much higher risk of experiencing physical and mental dysfunction in comparison to patients who achieve remission [36] . For purposes of these analyses, no response and partial response were grouped into the non-response category. ANCOVA compared baseline RSA and LF-HRV between treatment responders and non-responders.
To test for group differences in baseline RSA and LF-HRV, based on psychiatric variables within the MDD group, ANCOVA analyses were conducted separately for the following group variables: previous psychiatric medication use, previous occurrence of depressive episodes, and length of current depressive episode (partitioned into either one of three groups: one to six months, six months to one year, or greater than one year).
Level of significance was set at p ≤ 0.05. Repeated measures ANCOVA were used to evaluate change in RSA and LF-HRV from baseline through completion of the study, by treatment group (Escitalopram n = 22; Quetiapine n=12). For RSA, there were no condition effects, no interaction, and no treatment group effect (Fig. 2) . Similarly, for LF-HRV, there were no condition effects, no interaction, and no treatment group effect (Data not shown). Collapsed across treatment groups, the MDD group was partitioned into treatment responders (n = 28) and non-responders (n = 13). Baseline RSA for treatment responders (M = 6.18, SE =.22) was significantly higher than non-responders (M = 4.78, SE = 0.29), F (1, 35) = 9.05, p < 0.005, Cohen's d = 1.26 (Fig. 3) . The pattern of responding within each drug group was similar (Fig. 4) . Baseline LF-HRV for treatment responders (M = 5.76, SE = 0.14) was significantly higher than non-responders (M = 4.53, SE =0. (Fig. 5) . However, differences in baseline LF-HRV were nonsignificant. The MDD group was partitioned based on occurrence of a prior major depressive episode (n = 29) or no prior major depressive episode (n = 12). No significant group difference in baseline RSA or LF-HRV were found between MDD patients who had a prior major depressive episode and those who had not (Data not shown).
RESULTS
Collapsed
The MDD group was partitioned based on current depressive episode length of either one to six months (n = 9), between six months and one year (n = 11), or longer than one year (n = 18). No significant group differences in baseline RSA or LF-HRV were found, (Data not shown).
The following inflammation biomarkers were measured: IL-1b, IL-6, IL-8, IL-10, TNF-a, MCP-1 and hsCRP. Correlational analyses were conducted comparing RSA and LF-HRV to these inflammation biomarkers. As Table 2 shows, only two significant correlations were obtained: a positive correlation between RSA and IL-1b and a positive correlation between IL-10 and LF-HRV. 
DISCUSSION
The two components of HRV were highly correlated (i.e., r = 0.70) and behaved similarly in this study.
Since there is extensive literature documenting that RSA is a robust index of cardiac vagal tone (Lewis et al., 2011), the discussion will focus on RSA. There was no significant difference in baseline RSA or LF-HRV between MDD patients and HC subjects. Earlier reports had indicated that MDD might be associated with decreased HRV, and that there is no SSRI effect on either component of HRV over a 3-6 week treatment period [37] . The study by Licht et al. (2010) may shed light on the issue whether untreated depression is associated with diminished HRV. These investigators compared continuous nonusers of antidepressants with subjects who started the use of a tricyclic antidepressant or a serotonergic and noradrenergic antidepressant and who at the two-year follow-up showed a significantly greater increase in heart rate and a decrease of RSA. Subjects who were placed on SSRI's also showed a decrease in RSA, but their heart rate did not increase. Discontinuing antidepressants systematically caused opposite effects; levels returned in the direction of those observed among nonusers. The authors concluded that this two-year longitudinal study indicated that all antidepressants cause a decrease in cardiac vagal control. After discontinuing antidepressants, autonomic function recovers, suggesting that this unfavorable effect is (partly) reversible [38] . More recent evidence indicates that tricyclic antidepressants (TCAs) are the most powerful agents in reducing HRV, followed by serotonin / norepinephrine reuptake inhibitors (SNRIs), ostensibly due to their enhancement of noradrenergic activity [39, 40] . Selective serotonin reuptake inhibitors (SSRIs) have the least effect on cardiac function and may even decrease cardiac sympathetic tone [40] . Our finding that baseline RSA for patients with a history of prior use of psychiatric medication use was significantly lower than patients with no prior psychiatric medication use is therefore in agreement with the Licht et al. [40] study, especially since we only required a four-week washout from a previous antidepressant. By contrast, our finding that neither drug treatment led to a change in RSA at the end of twelve weeks of treatment is in agreement with the Kemp et al. [37] study and may indicate that a longer exposure to an antidepressant agent may be necessary to detect a change in RSA. Based on these considerations, we submit it will be critical in future studies of HRV and depression to take a detailed history of prior exposure to any specific antidepressant agent and record the length of both exposure as well as the time interval following discontinuation of the last agent prior to measuring HRV parameters.
In regards to the current study, it is also noteworthy that the patient and healthy control groups differed significantly in regards to key variables related to HRV, such as BMI and ethnic background. Although these variables were controlled for in the analyses conducted, future studies should consider more homogenous treatment-control groups.
We determined that patients who responded to antidepressant treatment had a significantly higher RSA at baseline than those who did not respond. This pattern was mirrored in each treatment group whether receiving Escitalopram or Quetiapine. Equally intriguing is our finding that patients who responded to either antidepressant agent had a higher baseline RSA than control subjects, a group that conversely had a higher baseline RSA than treatment non-responders. This finding supports and expands the findings of Jain et al. [41] . These investigators reported a significantly higher pretreatment RSA in treatment responders prior to adjustment for covariates, but statistical significance was lost after controlling for age [41] .
Why would a high baseline parasympathetic tone predispose a MDD patient to respond favorably to antidepressant drug treatment? We believe the stress-related disruption in ANS homeostasis leads to a sustained shift in this critical balance in favor of sympathetic overdrive. It is widely accepted that depression is the stress related psychiatric disorder par excellence and genetically and epigenetically determined stress resilience and stress susceptibility play a critical role. Thus, the degree and chronicity of disruption in ANS homeostasis in depression, in which vagal regulation plays a major role, appears to be the tipping point with greater or lesser diminution in parasympathetic tone.
The critical link here is that diminution in vagal tone likely leads to disinhibition of the body's inflammatory response mediated, in part, by the Cholinergic Anti-inflammatory Pathway (CAIP) [5] . Efferent vagal fibers originating in the dorsal motor nucleus can modulate the release of inflammatory m e d i a t o r s , s u c h a s T N F α a n d I L -6 , f r o m macrophages thereby preventing over-activation of the inflammatory process without inducing immunosuppression [6] . The pro-inflammatory status associated with MDD has been adequately described in the literature and investigators have postulated that a sustained pro-inflammatory status in depression contributes to treatment resistance [42] . Our research team has measured both inflammation biomarkers and kynurenine pathway metabolites in both studies (Study-1 and Study-2) and the results were confirmatory. The results from Study-1 have been published [27] . The results from Study-2 are in preparation. Additionally, sustained low-grade inflammation in depression leads to enhancement of the kynurenine pathway of tryptophan metabolism via stimulation of indoleamine 2, 3 dioxygenase (IDO), a key enzyme responsible for the kynurenine pathway of tryptophan metabolism [43] . As a result of this metabolic diversion of tryptophan, a metabolic product, kynurenic acid, antagonizes nicotinic cholinergic transmission.
The association between HRV, specifically vagal tone as reflected in RSA and likely LF-HRV as well, and inflammation has been reported in many studies. While this was not the primary goal of this study, we feel we should make brief mention of this relatively recent area of scientific endeavor. As intriguing as the reported findings are, further investigations into this connection are warranted. We will limit this discussion to just a few representative studies. Using a stress-inducing paradigm (speech stressor), Woody et al. (2017) detected greater reductions in HF-HRV in association with the proinflammatory cytokines, IL-6 and TNFα, but not C-reactive protein (CRP) [44] . Using data from a large study (MIDUS II), Cooper et al. (2015) found LF-HRV to be inversely associated with CRP and IL-6 while HF-HRV was inversely associated with fibrinogen and CRP [45] . They concluded that their results support the existence of the vagal antiinflammatory pathway and HRV predicts levels on inflammatory biomarkers. In middle-aged men, Lampert et al. (2008) determined a graded inverse relationship between all HRV parameters (except HF) and CRP and IL-6 [46] . After controlling for confounding variables, they established that LF and VLF remained significant predictors of CRP. In cardiovascular disease, Haensel et al. (2008) determined that HRV is inversely correlated with inflammatory biomarkers both in healthy individuals and in those with cardiovascular disease [47] . In our study we found two statistically significant correlations. The positive correlation between LF-HRV and IL-10 is very interesting in as much as IL-10 is generally known as an anti-inflammatory cytokine that exerts a plethora of immunomodulatory functions during an inflammatory response and is particularly important during the resolution phase [48] . Therefore, the positive correlation with LF-HRV may be viewed as prognostically favorable. It is less clear how the positive correlation between IL1-β JPBS 2017, 2(6); 1 | Email: jpbs@qingres.com and RSA should be understood, since this cytokine is generally viewed as being pro-inflammatory, although it has been described to exert pleiotropic effects in the brain including neuronal proliferation and differentiation [49] .
In summary, the complex interplay between brain, ANS, and the immune system ostensibly results in varying degrees of ANS disruption resulting in greater or lesser degree of parasympathetic tone diminution. If parasympathetic tone can be maintained at healthy control levels, reflecting greater ANS resilience and a lower or absent degree of inflammatory response, and therefore lesser activation of the kynurenine pathway, antidepressant drug action may proceed unhindered ultimately leading to remission. Taken together, we propose that RSA, which is a reliable measurement of parasympathetic tone, can be a useful clinical tool to predict antidepressant treatment response in MDD patients.
While the significance of the relationship between baseline HRV and treatment response is of scientific value, it will require additional research to establish its clinical significance. A main goal will be to demonstrate at what point an individual can be reliably categorized as having low or high HRV. While this study and many others have demonstrated appropriate methodological approaches to establish relationships involving HRV in the populations being studied, it will be an even greater accomplishment when an ambulatory patient can undergo a 15 minute HRV test, and have their physician explain their health risks based on their HRV score. Munoz et al. [50] have recently shown that 2-minute ECG recordings are as accurate reflections of HRV as 15-30 minute measurements. The availability of an easily accessible, non-invasive and affordable test that can predict antidepressant response would be a major breakthrough. Having numerous ways to measure HRV [51] each with their supporters and detractors, only serves to provide further challenges to the clinical application of HRV measurements.
Taken together, our study suggests that having high baseline HRV parameters (i.e., RSA and LF-HRV) predisposes a patient to have a successful outcome when treated with antidepressant medication, even with an atypical antipsychotic exerting antidepressant efficacy. Vagal nerve stimulation (VNS) in conjunction with treatment as usual has been shown to have more of an antidepressant effect than treatment as usual alone in treatment-resistant depression [52] . Actually, one study found that transcutaneous VNS led to a significant increase in HRV and decrease in sympathetic tone in healthy individuals [53] . Baseline HRV could therefore be used as a parameter in choosing which type of treatment should be appropriate for a given MDD patient.
A reliable diagnostic distinction between the depressive phase of bipolar disorder and MDD often poses serious challenges to the clinician [54] . Indeed, one recent study compared patients with bipolar II depression and patients with unipolar depression and found significantly lower RSA in bipolar II depressed patients as compared to unipolar depressed patients [55] . Similarly, HRV measurements could lead to profiling any subject with depression and predicting their degree of response to antidepressant therapy. Once the possible effects of pharmacologic agents on HRV domains have been fully clarified, wide utility of HRV as a biomarker will be justified.
One limitation to our study is the small sample size. Several of our trending variables could have reached significance with a larger patient and/or healthy control population. Specifically, given the small heterogeneous sub-groups (age, ethnicity, BMI), it may not be viable within this sample to investigate whether baseline RSA is related to current episode length and/or previous episodes. Although this does not detract from the importance of our findings, reproducibility with a larger population would be necessary to confirm those findings that did not reach statistical significance. A larger sample size as well would increase statistical power and make any future findings to be even more robust in regards to scientific and clinical relevance. While we attempted to control for external or environmental covariables that have been discussed in the literature in conjunction with HRV, a greater sample size would allow us to control for more complex variables that future literature may also determine to influence HRV.
As in any study relying on the collection of data over time, several limitations are to be noted. Current mood state of the patient could have influenced the assigned scores in both the selfassessment and rater-administered scales. To minimize such effects, consistent provider-patient pairings were kept over the course of the study to minimize inter-observer bias and to allow the patient to receive a consistent level of care. Lastly, patients free of any psychotropic medication for at least six months preceding study enrollment and receiving no other concomitant psychotropic medication during study duration may shed light on why no significant difference was detected in our study between MDD and HC subjects. In this context, the use of sedativehypnotic medication is a variable that needs to be controlled for as there are reports in the literature indicating suppression of HRV by such agents although not all reports agree [56, 57] . At the same time, observing patients on monotherapeutic psychotropic medication for a longer duration (i.e., at least 6 months) may also reveal differences between MDD and HC subjects.
